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ABSTRACT:

Small ballistic ranges were used to perform controlled
laboratory shock exberiments on 12 selected silicates [quartz
(30-310 kb), oligoclase (30-340 kb), andesine (40-100 kb),
olivine (80~500 kb), forsterite (50-150 kb), enstatite
(60-150 kb), biotite (10-90 kb), hormblende (50-150 kb),
garnet (40-160 kb), kunzite (60=150 kb), beryl (60-140 kb),
topaz (60-~150 kb)]. At least 4 pressuré points per minerai
are available. - ‘

Debye~Scherrer investigations of éhocked materials re-
‘vealed a gradual lattice breakdown of crYstalline matter under
shock . Individual mineral species behave selectively. Sheet
silicates break down very easily, followed by tecto silicates.
Chain=-, ino- and ortho-silicates are of considerably higher»
shock resistance. Depending on the mineral species, the first
'sign of shock‘damage is evidenced in the long range order at
20-70 kb. At intermediate pressures (100-200 kb) the long
'range order is essentially destroyed with the short rénge |
order héavily disturbed. At pressures exceeding 300 kb tecto
silicates are completely collapsed. The degree of internal
fragmentatibh is‘strongly related to shock pressure, thus
providing a sensitive tool for absolute pressure calibration
of shocked materials.

The internal fragmentation is structurally controlled,
leading to polycrystalline aggregates of strongly preferred
orientation. The grain size distribution of the fragmentation
products is highly heterogeneous. The mechanisms leading to
fragmentation as evidenced by the x?ray patterns are highly
complex. The formation of high pressure polymorphs is diécussed.

Though application of the new results to naturally shocked
rocks may have some limitations, the usefulness of‘Debye—'
Scherrer investigations in the study of shocked materials is

demonstrated.




INTRODUCTION:

Shock waves in solids are characterized by pressures
of high amplitudes and excepﬁionally short duration,
coupled with high temperatures. ‘Materials traversed by
such waves such as minerals from nuclear and high-yield
chemical explosion sites, meteorite impact craters, some
meteorites éﬁd laboratory experiments, therefore, have
been strained and heated at extreme rates. Accordingly,
they contain unique deformation features, partial or
complete breakdown of the crystal structure, high

pressure polymorphs and melted phases.

Study of the various diagnostic shock phenomena
during reqent years has lead to the recognition of an
empirical sequence of relative shock pressure histories
in coexisting minefal éssemblages. Various "stages of
shock metamorphism” related to progressive peak pres-
sures have been differentiated (STSFFLER, 1966, CHAO,
1968, DENCE, 1968, v. ENGELHARDT and STF)FFLER, 1968,
ROBERTSON et al., 1968, FRENCH and SHORT, 1968). These
investigations have been based mainly on optical studies
of tecto-silicates. Information regarding other mineral
species is only fragmentary. Laboratory shock loading
'experiments by HgRZ (1968) and MﬁLLER and DEFOURNEAUX
(1968) have provided information necessary to calibrate
the existing quartz data in terms of absolute pressures.

Thus, it is possible to qualitatively evaluate the pressure




histories of siliceous rocks on the basis of optical
properties of the component grains only.

DACHILLE et al. (1S64) and‘ LIPSCHUTZ and JAEGER
(1966) were the first to study shocked materials using
x~£ay diffraction techniques. Theyinterpreted streaky
powder patterns in terms of shock induced disorder. A
summary of subsequent work by Lipschutz and his co-
workers in meteoritic materials using Debye-Scherrer
technique is given by LIPSCHUTZ (1968). BUNCH et al.
(1968), CHAO (1968) and SHORT (1969%) discovered iden-
tical patterns in shocked quartz. SHORT (1969b) reports
them also from‘olivine and DACHILLE et al. (1968) from
- quartz, feldspar and calcite. DACHILLE et al. (1968)
called attention to the relationship between peak pres-~
ksure and -shock induced disorder.\ HSRZ and AHRENS (1969)
verified this relationship in a study of Laue X=ray
patterns of experimentally shock loaded biotite.

In order to expiore this relationship more thor-
oughly, a variety of rock forming minerals were shock
loaded to known peék pressufes and the shock products
were studied using Debye-Scherrer x-ray diffraction
methods. The purpose of this paper is to present the
- X~ray techniques used and to discusé the édmplex nature
of shock induced disorder. The usefulness of the Debye-
Scherrer method as a tool for pressure calibration is

evaluated.




EXPERIMENTAL CONDITIONS:

'A. Shock Experiments:

The éhock loading experiménts were performed using small
ballistic ranges at the NASA Ames Research Center and the
California Institute‘of Technolbgy. The NASA facility is
described in detail by HaRZ (1970); the vital parts of the
Cal Tech range are listed in HORZ and AHRENS (1969). Both
guns operate under almost identical conditions: the projec=-
tile is accelerated by conventional gun poWders and the
velocities are obtained by,measuriné elapsed time between
‘interruptions of He/Ne continuous‘gas lasers. The velodiﬁies
are measured to an accuracy of + .5% for the NASA fac1llty
(digital counters) and to + 2% for the Cal Tech facility
(photographlc record of a high speed oscilloscope). The
projectiles are flat, polished metal discs, 17 mm in diameter
and 2-3 mm thick. The projectile materials used were brass,
aluminum and "Fansteel". These discs weie inéetted in a
"Lexan" holder which was then launched as a "projectile".
The metal plate faced‘the side‘to be impacted. Some few
shots were fired without a metal plate and they are
referred to as "Lexan", i.e. a solid plastic slug was
used. | |

The mineralogical target was typically a disc 10 mm
in diameter and 1 mm thick, made out of single crystal
or polycrystalline materials. Because of the small size

of some available crystals, deviations from this standard




target geometry were unavoidable. In the case of beryl

and topéz the diameter of the target was as small as .5 mm.
Biotite could not be machined into round discs; therefore,
squares had to be used (8 mm side length). Olivine (small
crystals) as well as hornblende and kunzite (abundant
cleavage planes) were cut into thin slabs with their

natural (prismatic) irregular) outlines preserved. All
targets, however, we:é‘kept 1 mm thick. ‘EBach target was
embedded in a pressed pellet of either a pure alkalihaldgenide
~or mixtures of Fe powder and NaCl (see Tabie 1l). The

| aikalihalogenide and the Fe-~NaCl mixtﬁreawe:e chosen to
match the éccbustical impeaance of the térgets (HBRZ, 1970) .
"Consequently. irregular outlines of some targets ére not: ‘
bélievéd>tb.be of‘any disadvantage. Uponiimpadt, the
pressed salt‘pellets functioned not only as impedance
matching media foi the assortment of‘minerals, but also as
momentum traps since their low ténsile‘stfength caused them
to spall very readil? (HaRZ and AHRENS, 1969). After impact,
the mixture of broken salt and target was collected and the
salt waé dissolved in H,O. For the Fe-NaCl mixtures, a 5
minute 10% HC1l leach was sufficient to dissolve the iron
pbwder. A variety of x-ray tests on hornblende did not
reveal any alterations due to the leachingvprocedure. The
recovered silicates were fine grained powders with an

average grain size in the .5 to 1 mm range.




B.  Pressure Calibration:

The calcuiation of peak shock pressure is only ap-
proximate for a number of minerals studied. In thé case
of quartz and feldspar the pressures were obtained by
~ graphical impedénce match solutions (McCQUEEN and MARSH,
1960) using the existing éingle crystal equation of
~state data of WACKERLE (1962) and AHRENS et al. (1969a).
No equatioﬁ of state‘déta ére available for single crystals
of the other minerals investigated. ‘Thus, a vériéty of
approximéﬁions héd‘to;be used to calcuiaté the peak shock'
préésures. |
| The pressuies for olivine aﬂd.fo;sterite were ob-
tained using the equation of state data for dunite (Twin
Sister Péaks, Washington, 92%vblivine, MCQUEEN‘et al,,
(1967). ' The enstatite préssures.are based on the equation
of state for bronzitite [Stillwater Complex, Transvaal,
94% pyroxene (90 .mol % enstatite), MCQUEEN et al., 1967].

The‘calculation of peak pressures for the remaining
mineral speciés is even more approximate. Neither single
crystél nor "rock" equation‘of state data exist for‘tﬁese
materials. The following procedure was used to obtain
the experimental.shock pressures: when plotted in the

pressure~shock velocity plane (= Hugoniot-curve) both slope




and shape of equations of state are a function of do Us

(a4 = density of unshocked material, U, = velocity of
shockwave). Since US equals Vb'(= compressional s¢und
velocity) at ambient pressure, a slope of tan»do Vp matches
the unknown equatioh of state rather closely at low pressures
so long as Us‘is not considerably larger than Vﬁ. There-
fore, a straight‘line with a slope of tan do Vp was used to
extrapolate the peak ?ressureé of the remaining mineral
species. Pressures up to 70 Kb Were read directly 6ff the
line. For higher pressures in the‘70-150‘Kb rénge, the
.direct "line" value was increased by 3% (70-100 Kb range)
and 6% (1005150 Kb range), thus taking the increasing shock
velocities with progressive peak pressures into account.

An increase by 3% ahd 6% respectively was suggested by
treating the acoustical data of Twin Sister dunite (McQUEEN
et val., 1967) in ekactly the same way and comparing these
results with those based on the kﬁown equation of state
data. Most of the sound velocities used were obtained from
BIRCH (1966). If no direct measurements were available,
the velocities were approximated using an extrapolation
scheme for Vp via bulk density and mean molecular weight
(BIRCH, 1961, ANDERSON, 1967). The equation of state data

for the projectile materials were obtained by ISBELL et al.,




(1966) for Lexén (=vpolycafbonate plastic), JONES et al.,
(1965) for "Fansteel 77" (= 90% W, 6% Ni, 4% Cu), THIEL
(1966) for Aluminum 2024 (93% Al, 4.5% Cu, 2% Mg) MCQUEEN
ahd’MA‘RS‘H”(l960)’ for‘brass (.61.5%‘Cq, 35.2% Zn, 3.2% Pb).
In summary, thfée different approéches‘were used to
'arrive at graphical‘solutions 6f.thé experimental peak
'preésures: | | | |

l)“Equation of state daté for single crystals.

2) . Equation of state data for rocks of essentially
monomineralic composition.

3) BApproximation of the equation of state via

acoustical parameters.

The pressufes given in this papér vérygaccordingly in
their predision.‘ The accufaciés are believed to be * 5%
for the single crystal daté, + 10% for the rock data and,.
conservatively, + 30% for the approximated values. In
order to permit revision of estimated pressures once corre~
sponding single érystal equation of state data become
available, the experimental conditions for shots requiring’
~ approximated pressﬁré solutions are listed in‘Table Ll

Aé mentioned earlier, the mineralogic targets were
embedded in alkalihalogenides or a mikture of Fe powder
and NaCl. vTﬁe embedding media were selected according to

identical considerations as outlined for the pressure




calculations; the object being a close écoustical impedance
match. If possible,ia pure compound was ?referred. The
percentages of Fe and NaCl respectively were determined for
each individual shot to match the shock velocities of taréét‘
and salt pellet at the anticipated pressufe levels. The
equation of state data for Fe (McQUEEN and MARSH, 1960) and

NaCl (THIEL, 1966) were used in these calculations.

C. Minerals Investigated:

The minerals subjectedlto the shock loading experiments
were carefully selected single crystals (with few exceptions)f
All were extremely fresh, some éven of gemstoné dquality.

They were selected to»cover a wide range of densities and‘a

variety of silicate structures in order to arrive at some

general conclusions regarding the shock behavior of siliéates.

Data peftinent to these studies are described below. Some

¢hemical microprobe analyses are listed in table 2.

Quartz: ‘ Single, untwinned crystal of optical quality;
Arkansas. Optical investigations of the
shock materials used ih this study have been
ﬁextensively described by HSRZ (1968),

Deﬁsity: 2.65 gr/cc.
Oligoclase I:‘ Muskwa Lake, Ontario, Canada. Extremely

fresh, almost water clear, very regular




“twins with twin lamellae being roughly

1 mm wide; three (3) experiments reported
here, i.e. 31 Kb, 48 Kb, and 92 Kb. Density:

2.63 gr/cc.

Oligoclase II: Mitchell Co., North Carolina, very fresh,

Anorthosite:

*Qlivine I{

Olivine II:

almost water clear, coarse albite twins.

All experiments higher than 92 Kb. Densityé
2.625 g/cc.

San Gabriel Mounﬁains, California

(= andesine) very coarse grained (2-5 mm)
irregular feldspar aggregate. Density:

2.68 g/cc.

St. John's Island, Red Sea. Small but

almost gemstone quality crystals with platy,
prismatic habit . Four experiments
reported here: 80.Kb,‘108 Kb, 145 Kb, and
210 Kb. Density: 3.31 gr/cc.

San Carlos, Arizona. Glassy clear, high
qualiﬁf single crystéls of centimeter size
from olivine clots in basic lava.

Experiments above 210 Kb. Density: 3.35 g/cc.

*Courtésy of E.C.T. Chao, U.S.G.S., Washington, and W.

n
Weiskirchner, University of Tubingen, Germany.




Forsterite:

**Biotite:

Hornblende:

Enstatite:

‘Kunzite:

Garnet:

- 10 =

with minor ‘contamina=-

Stochiometric Mg SiO4

tions, synthetic. Polycrystalline aggregate

of apparent random orientation and an average

grain size of about 2 mm, optical quality.

Density: 3.14 gr/cc.

Lepidomelaﬁe, Bancrqft, Ontario. Large,
very fresh single crystal. The material
ﬁsed in this study was extensively de-
scribed:by HORZ AND AHRENS (1969) .
Density: 2.98 gr/cc.

No 1oc51ity available. Large, single,
fresh crystal ofyc:l x 1.5 x 5 cm size;
Density: 3.34 g/cc.

Bamble, Norway. Largé,single crystal,

very fresh, extreme cleavage. Density:

3.24 gr/cc, see Table 2.

Pala, California. Gemstone quality,
pinkish single‘crystal. ‘Density:

3.17 g/cc.

(= Pyrope), no locality available, gem=-
stone quality, single crystal. Density:

3.76 g/cc.

**Courtesy of E.C.T. Chao, U.S.G.S., Washington, D. C.
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Beryl: Minas Geraes, Brasilia. Prismatic single
érystal, gemstone quality, but with a
few, minute cracks. Dénsity: 2.73 gr/cc.
Topaz: No locality available. Small, perfect
singlé crystal, gemstone quality. Density:
,3'46 gr/cc.

The targets were prepared by drilling cores along the
desired crystallographic directions and slicing the core
with a diamond"saw. If small, perfectly prismatic crystals
were available, £hey were directly sliced. The discs were
finely polished on both sides. The crystallographic
orientations were monitored to * 2°'using Laue x-ray

techniques.

D: Recovery Products:

The recovery products were typically grains'in the 1-2
mm size class at low pressures ( < 100 Kb) and somewhat
finer aggregates at elevated pressures (.5 to 1 mm) .
Material shocked to éach pressure level exhibits‘a range
of shock damage in spite of all experimental efforts to
assure that ihe t§rget.is traversed by a plane wave. The
‘reasons for this‘ﬁehavibr are complex and not uhderstood;_

They are common to all experimental shock metamorphism
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studies. Cénsiderable efforts were necessary therefore,
to select those grains which exhibited the highest shock
damage in each individual experiment, the selection
criteria being type and amount of microdeformations,
birefringence, undulatory extinction, mosaicism, etc.

If no unequiéocal optical selection could be obtained,
2-5 grains were)selected and x~rayed. After eliminating
the effects of crystal orientation as described later,
the grain with the highest "damagé" was assumed to be
representative for the quoted pressure level.

The reader familiar with the field of shock metamorphism
will miss in this report an optical description of the
recovery products. Since those‘data are available at
present in a highly fragmentary way, at best, we purposely

present the x-ray investigations only.

E.  X=Ray Expériments:

Single crystals shocked to progressively higher
pressure levelé are internally broken‘down into smaller
and smaller, i;e.‘increaSing numbers of "mosaic blocks".
Consequently, an ideal sinéle crystal’is transformed into
a’polycrysta;line‘éggfegaté. Thus the x?réy techniques

‘applicable in the study of shock induced internal frag-
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mentation need to be discussed, i.e. the complications

arising from the crystal's orientation with resbect to the
incident beam so long as the materials clésely resemble
single crystals.

Two techniques have been most commonly used in x-ray
diffraction studies of shock induced structural disorder.

Both use Debye-Scherrer cameras ("powder" cameras), with a

single grain rahdomly mounted on the tip of a glass fibre.

One keeps the grain fixed with respect to the incident beam;

.in‘the other one, the grain is rotated about an axis normal

to the beam. The "stationary" technique is a modified Laue

proceddremhéreboth front- and back reflections are recorded

‘simultaneously. There is no film "plane"” but instead a

circular film casette and x~radiation is characteristic

rather than white. The "rotation" technique is simply
the powder method wherein the sample is a single grain.

Both methods were tested using various typeé of minerals
to determine which technique yields the most reproducible
patterns. Other things being equal, the reproducibility
is controlled bybthe orientation of the crystal with respect
to the x-ray beam. All test grains were randomly mounted
on glass fibres. Results are illusirated in fig. 1-4.

It can be seen from fig. 1 and 2 that the "rotation"
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’technique gives the more‘reproduéible patterns because
the probability,for‘aiffraction by each set of planes is
increased.‘ Not ohly are a number of individual reflections
completély ﬁissing in the "stationary" patterns (fig. l);
but sometimes also all high angle back reflections (fig.klb).
Laue pattefns o£ the same mineral grain are presented in
fig. 3.

These preparatory tests demonstrated that the "stationary"
technique has two serious disadvantages:

a) the pattern is extremely dependent on the crystal;s

orientation with regards to the x-ray beam.

- b) The narrow filmkstrip in the powdef camera inter-
sects oniy;aJsmall proportion of the general
diffraction cone. (The patterns in fig. 3 are
taken with white x~radiation. Characteristic
radiations would make both effects even worse,
since fewer éhd smallei spots wouldAbe produced) .

Thoughvnot extensively illustrated, the Laue patterns
aiso depend heavily on the crystal's orientation with
respect to incident beam (see fig. 3)f However this
method is superior to "stationary" Debye-Scherrer
technigques, since the entire diffracﬁion cones are

recorded.
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Both "stationa;y" Debye=Scherrer and Laue techniques
would be meaningful only if a suite of shocked minerals
were precisely oriented parallel to an identical lattice
direction. However, it becomes progressively more difficult
and finally impossibié to orient grains which have been
Shoéked to successively higher pfessures,'because théy
V fesemble more éndvmore pochrystalliné aggregates.
According to these conéideraﬁioﬁs, the ":otation"
‘\technique‘appears‘to‘be the most préctical oné fo¥
ébtainingﬁreliable reéults. It has good reproducability‘
fot grains'shocked to high and~intermediaté pressures
and £he influence of cfystal orientation;at low shock
‘lévels is partially eliminated. The influence‘of cryétal
orientation in slightly shock forsterite is illustrated
in fig. 4. Eight exposufes with different grain
positions were made; fig. 4a and 4c represent extremes,
fig. 4b an "avefage"‘of the observed streakiness. Accord=-
ingly, at least?3 exposures were made of each slightly
shocked grain. |

The aﬁount of streakiness produced is a function of
the miheral's structural state, as will be démonstrated

later. ' According to general x-ray theory, however,
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additional contributing faétors are grain size, exposure
time, beam intensity and beam diameter. In spite of their
importance, these parameters have not been discussed in
prévious studies of shocked materials.

The influence of grain size on the streakiness of the
patterns is considerable, especially in slightly shocked
materials where "block" siée is large. However, it is
our experience that grains differing by‘up to 25% in size
produce esseﬁtially identical patterns. In this study
therefore, we limited our investigations to the larger
. grains of a grain size fraction of 0.2-~0.315 mm.

The importance of exposure time is graphically illus=-—
trated in fig. 5, where Laue patterns of biotite are
shown. Quartz grains exposed for 1, 2, and 4 hours using
"rotated".Debye Scherrer techniques are illustrated in‘
fig. 6. After 2‘hours;~the general appearance of the
patterns did not change, though subtle.changes such as
smoothing of some lines could be observed with increasing
exposure time. We therefore kept the exposure times for
all samples at 4 hours for Cu radiation and 8 hours for

the weaker Co radiation as suggested by tests on biotite.
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Beam intensity and diameter élso influence the observed
patterns. "Standard“ tubes have a nominal electron target
spot of about 12 X 1 mm, "fine focus" tubes bf.about w8 x
3 nm, while'"microfocus" units range in the order of
.05 x B5 mm. According to their design, therefore, they
differ in beam width and especially in intensity per unit
cross-section area, ﬁhué resulting in différent resolution
capabilities. Since we wanted to’investigéte the effect
of as many domains as possible and simultaneously achieve
a high degree of resolution, we used fine focus tubes.
Investiéations performed with "standard" tubes would
simulate the same degreé of damage at somewhat lower
pressures. Accorﬁing to tests on quartz, "standard"
tubes lower the pressure level by about 10%; no data can
be given for microfocus tubes; however, it is obvious

that their increased resolution would reverse this trend.

RESULTS ¢

A X=~Ray Patterns:

Results of the Debye-Scherrer investigations are
shown in fig. 8 through 18. Each sequence is arranged

in the same manner. The first two film strips are
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: unshocked "standard" materials, with the flrst one belng
 a standard" "powder" pattern and the second one taken from
anlunshocked single crystal. The remaining patterns are
'taken'with’singlé‘grains which were shock loaded, selected

and x~-rayed as outlined earlier.

B. Interpretation of X—Rav Patterns:
‘ Mosf_of the séquénces presented in fig. 8 through 18
display baéically‘four phenomena which are éxPlained and
interpréted‘below. The four phenomena are'(fig. 7):

a) Increasing streakiness.

b) Preferred orientation.

¢c) Line brbadening.

d) General reflection trails.

a) Increasing Stieakiﬁess:

According to x=-ray theory, (GUINIER, 1952, KLUG
and ALEXANDER, 1962), the length and shape of a diffraction
spot is a function of the solid angle formed by the normals
of the diffracting lattice pianes. Since this angle is
‘ ideally "o" for a perfect crystal, the resultipg spot should
be peffectly small. Due to crystal imperfections in natural
materials, this "solid angle" has a fihite size and accord-

ingly a finite diffraction spot. The size of the spots can
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increase considerably if external forces cause crystal
deformation. The spots become elongated and sﬁreaky.
The descriptive terﬁ&"asterism“ was initially restricted
to streaky, "asterated" Laue front reflection patterns
of strained single crystals only (see CULLITY, 1959).

It is now widely accepted in describing streaky patterns
of all stationary‘single crystal methods and has evén
been used to describe patterns obtained usihg "rotation"
techniques. 1In the latter case however the original
definition has been grossly distorted.

According to the "multiplicity" rule (see KLUG and
ALEXANDER,’1962) rotated single crystals produce not only
one but rather a variety of spots at specific d-spacings.
The number of spots.depends‘on the crystal's symmetry and
orientation with respect to incident beam.

Both genuine "asterism" and "multiplicity" combined
will result in diffraction patterns as seen in'"unshocked
single grain" and "unshocked powder". Because of the
presence and étatisticai distribution of a large number of
crystallites, both factors overlap each other in the powder
patterns to merge into smooth Debye rings. The same effects
can be observed in the shocked materials: the Debye=
Scherrer patterns range from almost undisﬁurbed single crystals

to perfect powders. The crystal has been increasingly deformed,

-
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and, more essential new "crystallites" have been geﬁerated?
Tﬁe single crystal is internally broken down into more and
more "mosaic blocks" of pfogressively smaller size. We see
the transition from a single crystal into a polycrystalline
aggregate.

| As outlined above, the formation of Debye rings in
shocked materials is both a function of internal strain
and number of "blocks". Complicated techniques have been
- suggested (see KLUG and ALEXANDER, 1962) to separate quanti=-
tatively the individual effects of‘strain and dpmain size.
We have not attempted such an analysis. It requires that
the materials be annealed to determine the influence of
strain alone. This, however, would interfere with the
optical investigations planhed. Since the domain size
effect is much greater than the influenée of strain, we
will refer in traditional fashion to "bloék‘size" only.

For similar reasons we propose that the term "asterism"

- be replaced by."streakiness" in the investigation of shockédw
materials using rotated grains. The influence of newly
generated "blocks" exceedé by far the "streakiness" caused
by strain alone. The generation of "mosaic blocks" coupled

with the multiplicity rule in rotation techniques grossly




distorts the term "ssterisn., Thae term "asterism” should

be restricted to patterns cbtained by statiocnary techniques
only.

k reflection' area
develop pronounced strezkiness at lower pressures than do
those in the "front reflection’ regiocn (fig. 8 through 18).
The back reflectioﬁs represent planes of high Miller indices
and thus give information regarding the mineral's structural
state for long range ordering. lThe front reflections represent
planes of low Miller indices and provicde informatiocn regarding
the degree of short range order at progressively higher peak
pressures. The long range order breaks down first. The

back reflections gracdually fade out and disappear completely

at high pressures (fig. 8, 9, and 11). This again is a factor

[oF

cf block size. The blocks Eecome increasingly smaller an
proporticnally more and more are beyond x-ray resolution (see
KLUG and ALEXANDER, 1962). This happens for thé front reflec-
tions at somewhat higher pressures. Finally, at a certain
pressure, the whole crystal is brokén down into a polycrystalline
aggregate with domain sizes below the limit of coherent
¢iffraction (fig. 8, 9).

Fig. 8 through 18 and especially 8, 9, and 1l suggest

that increasing streakiness as well as the fading cut ol
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closely asscociated with pezak pressure. This correlation

iy
&

peak

QJ

of ‘streakiness and ressure provides us with a

o]

sensitive tool to pressure-calibrate shocked materials;

¥

but with the limitations discussed later.

Assuming that the block size effect is vastly greater

- -

, the following gualitative

ot

rai

Hi
o
{ Fe
o

than the influence of s
statements about block sizes can be made according to

AZAROFF and BUERGER (1958), and CULLITY (1959):

Pattern Characteristics Block Size
- -2
1) Few scattered spots = 2x10 m and larger
2) Many spots, randomly _3 5
scattered v = 8x10 to 2x10 7 om
3) Spots indicate diffraction -3 L
lines = 4x10 to 8x10 cm
4) Clearly discernible 3 3
diffraction lines = 10 to 4x10 cm
5)  Smooth rings, perfect _5 -3
powder pattern = 2x10 to 10 cm
6) Line broadening, fading -6 -5
out of back reflection =10 to 2x10 cm
7) Back reflection missing, 4 ~
- -5
diffuse rings = 5310 to 10 cro
-7
8) X-ray amorphous = 5x10C and smaller

These nunbers certainly Lave to be used with caution.

Internal strailn, x-ray absorption coefificient rystal




symmetry, and other factors also influence the listed
values. However, they give order of magnitude estimates

of block sizes. Preliminarv optical investigations indicate
the validity of the above size estimates for shocked

ocligoclase.

b)  Preferred orientation:

Another phenomenon of interest (especially in the
front reflection) are lens-—shaped streaks and pinching
and swelling rings (see fig. 7 through 18). This is a
phencmenon well known from Debye-Scherrer, but especially:
Laue (see fig. 3) investicgations of drawn wires or extruded
metal rods (KLUG and ALEXANDER, 1962: CULLITY 1959). Due
to the high stress upon drawing or extrusion, the randomly
distributed metal crystallites rearrange themselves in a
preferred fashioh. The crystallites composing the wire
or rod will have preferred orientation which results in
a pinching and swelling of the x~réy diffraction rings.
Phenomenclogically we see the same effects in our shock
produced cxysLallwte aggregates.

The mechanisms leading to "preferred orientation” in

the shocked materials are different from those in cold worked



metals, however, a fact which was not always clearly separated in

previous. shock Qbuw;:w~ k!

of metals; in most

cystelline aggregate is deformed;

in these

The shock ‘dinduced

the deformation of a single cryse

break up of a single crystal into smaller and smaller

domains occurs in such a way that the crystal structure

néividual blocks have not

[_,}-
S
]

nfiuences the collapse. The

o’

een significantly rotated sbout their original positions.

hus, "preferred orientation” in shocked materials appears

]

€]

to be a relict of the "host" crystal, rather than a re-

arrangement of a random crystallite aggregate.

¢) ~Line Broadening:

At elevated pressures (for quartz and feldspar at about
120 Kb, fig. 8 and 9) a pronounced broadening of the
diffraction rings is cbserved, especially in the back

reflection. This phenomenon is again due to internal strain

)

and block size (see CULLITY, 1959). Internal strain in
poclycrystalline aggregate causes compressions and tensions
at the interfaces of crystallites, thus leading to a genuine
shortening or stretching of the theoretical d-spacing.

C planes having a

FJ.

The x-rays are truly diffracted by atom




7

5o
e means vaiue for
increases

{

broad distribution of
the unshocked material. internal st
with pressure, "line broacening e cf pressure.
However, iine broadening Lz addlitlcnalily enhanced by the
decrease in domain size. The more nunerous and smaller
the domains become, the more general x-ray scatter is
produced which results also in & broadening cf e diffracw
tién line (KLUG and ALEXZNDER, 1962)
Again we are unable to resolve the individual eifects of
strain and domain size. Scme zuthors {(DACHILIE et al., 1968:
SHORT, 1969b) have used line brcadening &s a parameter o
estimate different pressure leve Because of film reading
inaccuracies, however, they pointed out that such resulis
can only be guali ive‘at bes We 'agree with their
Reading inaccuracies, the eifect
ntation are sources of
WOrK.

findings and conclusions.
gt

: l"n

OL specimen volume and crystal o©
oo difficult to control in Debye~Scherre

error
e

i1f periormed with powde

ion £
A variety of technigues have

K

T

broadening, however, might develop into a valuable parar
y -,
ﬂ"‘:m

for pressure calibra
d metals

using monochromatic X-rays.
been developed in studies of fine grain
1962).

and ALEXANDER,

Linie

echnicues

{(see KLUG



- 05 -

in this study.

wave Lengths, the beam contains
K, and "white" background ruiiatlion. The reflections caused
by the "continuum” result .n sheafs of rays which intersect

the general reflection cones (see BUERGER, 1958). Thus

§><§
h‘

ray patterns of rotated single crystals taken with

[
}.J.
o]
W
[y_.l
[0}
0
H
e
63
oF
2
| o]
=1
G
ot
[0}
2]
}.2
(6]
[
0}
4}

nd are not caused by lattice

deformations. They can be enhanced by internal strains,

however, in so far as a rance of wave lengths interacts

with a broad range of d values for each set of diffraction
planes.
As illustrated in fig. 7 through 17 the gener reflection

tralls become broader with increasing pressure, indicating

(o5

lattice deformation. At high pressures they become washe
out and finally disappear at very high pressures (see fig.
8 and 9). The intensity and freguency of the trails do not
correlate as systematically with peak pressure as does
"streakiness", because the development of trails has a

strong dependence on crystal orientation. Ceneral refliection

tralls therefore Rave not been used for vressure calibration.
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results from the fact that nictite deforms by gliding along

~ray pattern while

by

y
£

still preserving the gross optical properties (HORZ and

AHRENS, 1969).

DISCUSSION

£33

Single crystals sub ted to ghodk waves are broken into
small block sizes. The internal fracgmentation of materials
shocked to successively higher pressures 1s evidenced by

increasing streakiness and the fading out of bacdk and

-

5
=
0]
<
{Wln
o

front reflections. Additilo ence of fragmen

r

[0}

s

-

sented by genuine line broadening. The first signs

o}

kool i
L LIY

Q

gmentaticn occur at pressures where no obvious

opti cal shock cxi-otla can be detected. The structural
collapse seems to be gradual cover a wide pressure range.

The size-frequency distributicn of the blocks i1s aeterogenesous.
The ever decreasing size of the blocks can finally reach &
evel where it is beyond coherent x~ray diffraction. The
material has become x-ray amorphous and optically isotropic,
i.e. a diaplectic glass. The essential part is that all

these phenomensa are solld state reactions. No other geolocgic

5

process but shock is known to cause such a sclid state
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e fading out of back

a function of continuously

Lt iz also caused by proporticonally

wiiich,

increasing

cue to their highly disordered structural state, do not

effects:s  continuous decrease in block size of ordered A
cquartz and increa51ng amounts of relawed, x-ray amorphous,

gh pressure phases. Proportionally more and more material
1s unable to effectively diffract x-rays.

However, if we loock at both processes in more detailil, they
rieed rnct be tooldifferent. In order to produce Sio2 hich

pPressure phases, it is necessary tc rearrange the Si0

o
0]

trahedra. It is not possible to produce coesite or

-

stishovite (probably also "disordered" high pressure phases)

without breaking chemical bonds. Thus, “fragmentation® ap-
pears to occur at two different levels: (a) in a "macroscale

¢enerating crystal blocks of n~unit cell dimensions and

(b) in a "microscale” causing breakdown of the unit cell

Based on equation of state work, optical lmveﬁL lgations

and the new X-ray results, we selieve that the break up of




cuartz under shock conditions cccurs in the following way:
moto about T Yy cue to
the generation of rel the size

SRR ETICHIN. B IR L SRy - B “ e S '.,-‘ e )
distribution co wie blocks is heterogenecus. Small

nunbers of domains in the 50-100 A size class are already
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present, probably due to crushing ef
blocks. It is this small fract
=120 Kb into sub-unit cell dimensicn to form

Ty oy
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ases. . Wﬂth increasing pressure, the larger blocks
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nue to break up intc smealler and smaller sizes while,

55
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0

simultaneously, the Fformation of hich pressurée phases
[Phy iy

-

increases. Upcn pressure release these relax largely to

o

disordered state and thus no longer diffract x-rays.
At pressures - of about 200 Kb, the larjef b?ocxs break
down into sizes which are beyond x-ray resoclution for

Lol . o o
high angle bacdk reflections (s 500~1000 A). The fragmen=

ﬂ‘

ation as well as production of high pressure phases
increases and finally at pressures in excess of 300 Kb,
he entire breakdown process has advanced to unit cell
cimensions, 1.e. to the production of high pressure
pnaseé exclusively. The relaxed recovery»products are

x-ray amorphous and optically isotroplc. They are
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Thus one’ can

compare our results with those of naturally shocked rocks.
It is in this sense, that we want to propose streakiness
as & valld means ©L cghocok pressure calibracion.
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cin its epplication to naturally shocked rocks. Those

a) = Overlap with static deformation:

As menticned earlier, the Dbreekup of crystalline matter

U]

under shock into smaller and smaller blocks is caused by
kntexgvmnular“an& cataclastic fliow. - Thus static and

cynamic deformation can only'be differentiated by the
amount of fragmentation: an overlap of the two deformation

methods 1s cbvious.

DACHILLE et al. (1%68) subjected mineral powders to
. -

static deformation up to 100 Xb. They obtained streaky
patterns identical to those produced under cshock. However

their pressures and egpecially their strain rates exceeded

geological processes. - At

bt

by far the conditions of norma
what pressure level the overlap for each mineral lays is
uncertain at present. Quartz end felds paf grains from

metamorphic rocks (= granitic gneisses) examined by
32 o

P}
ddke Sk

DACHILLE et al. (1968) have a maximum streakiness wh

corresponds to a 30 Kb sghock level.
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tocl to detect shock damage at pressure levels where at

present optical investigetions fail.
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arranged to generate a plane shocdk wave. . The shock propa-

gation in a polycerystalline agoregate however i1s highly
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comolex.  Due to rarefacticns and reflections on individual

‘grain surfaces, the planarity of shock waves in rocks is

highly disturbed.  STOFFLER (1967) and CHAO (1967) ocutlined
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¢) Recrystallization:
Streakiness calibrations fail where the post shock

history of the materials displays signs of recryscallization.

Recrystallization causes the "block size® to increase. The

H

[0

sulting streakiness therefore would simglaﬁe a lower peak
pressure, which however can safely be considered as minimum
‘pressure. The actual peak pressure cannot be reconstfucted.
Consequently extreme caution is necessary in interpreting
shock 1oaded)rocks which are of extreme age or which display

evidence of recrystallization.

CONCLUSIONS:

Controlled .laboratory experiments on a variety of
silicates and the resulting Debye-Scherrer investigations
revealed that

1) Crystal;ine matter shocked to progressively

higher pressures breaks up into smaller and
smaller block sizes.

2)  The fragmentation is gradual over a wide pressure

range.

3) The size-frequency distributions of the blocks

is highly heterogeneous.

4) Therfragmentafion is structurally controlled as

evidenced by preferred orientation.




6) The ease of structural collapse changes wit
increasing order of resistance from sheet- to

tecto~ to chain-ino- and ortho-gilicates.

o}
0]
o]
o’
u
®
5]
<
o
s

Highly complex processes lead to the x-ray pattern
Processes probably vastly different from mineral species

to mineral species result in the same types of x~ray patterns
“hus making a quantitative interpretation regarding the
mechanisms of fragmentation exceedingly difficult. Optical

and x~ray studies on experimentally and naturally shocked

materials {(at least for quartz) correlate very well. Though
-l

n

streakiness is a‘measure of "bulk" effects only, its

strong correlation with peak shock pressure suggests it as

z valid means of pressure calibrating shocked materials.
Despite the fact that streakiness seems to be an independent

alibration tool, it is strongly recommended that both

(3

optical and x~ray investigations are combined to evaluat

the pressure histories of shocked materials.
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FIGURE

CAPTIONS:

ox
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Fig. 1)

}.f
«
>

Quartz, 107 kb, "stationary" Debye-Scherrer

technique, 4 random orientations of grain 107b,

()

radiation. Note irregularity of patterns,
especially missing back reflection in fig. 1b.
Quartz, 107 kb, 't tated"Debye~Scherrer technigque;
4 random orilentations of grain 107b, Cu~radiation.
Note hithyAincreased regularity of patterns as
cémpared to fig. 1.

Quartz, 107 kb, Laue technigque, front reflection,
grain 107b, white Cu-radiation. a) approximately
parrallel to c-axis b) randomly oriented. Possible
intersections of the general diffraction cone with
the 30 mm "film strip"” in the Debye-Scherrer powder
camera are indicated and drawn to scale. Noie how

irregular and non representative the "staticnary"

Debye-Scherrer technique can be.

Forsterite, 96 kb, "rotated"® Debye~Scherrer technidque,

Cu-radiation, 3 random orientations. Note "regulere
ity" of patterns.

Asterated biotite, 39 kb, Laue technique. (Polarocid

film), front-reflection, Co-radiation. Approximately

Note influence of exposure time on asterism.

same orientation in each exposure.



Quartz, 107 kb, "rotated"” Debye-Scherrer technidgue,

R
[,_! -
Q
&
o
g

grain 107b, same orientation in each exposure,

£

ifferent exposure times. Note influence of

Qs
1

exposure time.

Fig. 7) Quartz, 107 kb, "rotated” Debye~Scherrer technigue,
grain 107 b. Note: preferred orientation and
general reflection trails.

Fig. 8) Debye-Scherrer diffraction patterns of shocked
gquartz (impact diigction 1. (0001), pressure
accuracy + 5%, Cu-radiation). Note increasing
streakiness, line broadening, fading out of
front~ and back-reflection and preferred orienta=-
tion. All the following sequences are arranged
in identical fashion. The numbers on the right
are the calculated peak pressures. "o" represents
unshocked powder and unshocked single crystal

materials.

&)

ig. 9) Debye~Scherrer diffraction patterns of shocked,
twinned oligoclase. (impact direction: random,
pressure accuracy + 5%, Cu-radiation). Compare

with fig. 10.
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polycrystalline anorthosite (= andesine).

Debye-Scherrer diffraction patterns of shocked

olivine (impact dir

[0}

ction: || (hkO), pressure

accuracy + 10%, Cu-radiation). Compare with

f—n

ig. 12.

Debye~Scherrer diffraction patterns of shocked
polyecrystalline forsterite (impact direction:
random, pressure accuzac + 10%, Cu-radiation).
Compare with fig. 11.

Debye~Scherrer diffraction patterns of shocked
biotite (impact direction: } (hkO), pressur
accuracy #+ 30%, Co-radiation). Note especially
line broadening in LTe back-reflection.
Debye-Scherrer diffract lonkpauterns of shocked
hornblende (impact direction ] (001), pressure
accuracy + 20%, Cu-radiation).

Debye-Scherrer diffraction patterns of shocked
enstatite (impact direction ] (hkO), pressure

accuracy i+ 10%, Cu-radiation).




[ >3

5]

!J.

te

Q)

[¥51

W

l,._]
Oy
-~

17)

}F\.J
0

§a
(o]
S

22)

<

Debye~Scherrer diffraction patterns of shocked

:

kunzite (impact direction: ] (001), pressur

Debye~Scherrer diffraction patterns of shocked
garnet (impact direction: | (110), pressure

Debye~Scherrer diffraction patterns of shocked

Debye~Scherrer diffraction patterns of shocked

oy

topaz (impact direction: 1 (001), pressure

treakiness and shock pressure in

w3
0]
et
v
i
[
0]
)
O
1]
[63]
T

quartz. (See text for construction of figure).
Relation of streakiness and shock pPressure in

selected silicates. (see text for construction

Resistance to structural breakdown under chock of

1.

2%

arious silicates as extrapolated from fig.

..,

The steeper the slope, the more susceptible to

fragmentation. (Abscissa represents percent of arc).

(Bi = biotite, 0 = cligoclase, A = anorthosite,

1O
!

= Quartz, Be = beryl, E = enstatite, T = Topas;
2 = hornblende, OL = olivine, G = garnet, F =

= kunzite).
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(= tanal) and front reflection (= tanal).
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Abbreviations see fig. 22.
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Experimental conditions for shots of problemstic

Chemical microproie analysis of some materials
used in these studies (courtesy of Dr. A. Albee,

California Institute of Technology, Pasadena).
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Fig. 8) Debye-Scherrer diffraction patterns of shocked quartz (Impact direction
3 s (0001), pressure accuracy + 5%, Cu-radiation). Note increasing
streakiness,; line broadening, fadiﬁg out of front—and back=reflection and
preferred orientation. All the following sequences are arranged in identical
fashion. The numbers on the right are the calculated peak pressures. ot
represents unshocked powder and single crystal materials.
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Fig., 10) Debye-Scherrer diffraction patterns of shocked polycrystalline anorthosite

(= andesine). (Impact direction: random, pressure accuracy + 10%, Cu-radiation).
Compare with fig. 9.
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